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We report on the in-beam gamma spectroscopy of 102Sn and 100Cd produced via two-neutron
removal from carbon and CH2 targets at about 150 MeV/nucleon beam energy. New transitions
assigned to the decay of a second 2+ excited state at 2470(60) keV in 102Sn were observed. Two-
neutron removal cross sections from 104Sn and 102Cd have been extracted. The enhanced cross
section to the 2+2 in
102Sn populated via the (p, p2n) reaction is traced back to an increase of
shell-model structure overlaps, consistent with the hypothesis that the proton-induced two-deeply-
bound-nucleon removal mechanism is of direct nature.
PACS numbers: 21.10.Pc; 25.60.Dz
I. INTRODUCTION
Tin nuclei, with 42 known isotopes and a proton closed
shell, are an ideal testing ground to study the evolution
of shell structure and pairing correlations, which are ex-
pected to be the dominant many-body correlations in
these Z=50 nuclei [1]. A transition from superfluid nuclei
at mid-shell to spherical nuclei is expected approaching
the neutron shell closures at N=50 and 82, where the
seniority scheme can be adopted to describe the energy
spectra and transition strengths. This phase transition is
confirmed by the evolution of B(E2) strengths, showing
large constant B(E2) values in the mid-shell region and
smaller ones going towards the N=50 and 82 isotopes. In
the seniority scheme, transition probabilities are propor-
tional to the product of the number of particle pairs and
hole pairs in a given orbital and therefore are expected
to be maximum at mid shell and to decrease toward shell
∗ acorsi@cea.fr
closures. Recently, light tin isotopes have attracted sig-
nificant interest because they deviate from this scheme
when approaching 100Sn [2–5]. In Ref. [5], the study of
inclusive inelastic (p, p′) cross sections supports the in-
terpretation that the proton collectivity in light Tin iso-
topes is driven by the neutrons, as predicted by QRPA
calculations. Such an onset of collectivity is not observed
in light Cd isotopes, that follow the expected pattern
with collectivity decreasing towards 100Cd [6], showing
the specificity of the Tin isotopic chain.
Two-neutron removal cross sections might also show
the signature of the transition from superfluid to non-
superfluid nuclei, as will be discussed in this paper.
The filling of a (sub-)shell is expected to quench the pair-
ing correlations of the ground state and give rise to ap-
preciable population of low-lying excited states via two-
neutron transfer [7, 8]. As an example, a decrease of
the (p, t) transfer cross section to the ground state of
114Sn, with N=64 corresponding to the filling of the d5/2-
g7/2 shell and behaving as sub-shell closure, was observed
[9]. More recently, two-neutron (p, t) transfer reactions
have been systematically used to extract cross sections to
ar
X
iv
:1
80
4.
07
36
0v
1 
 [n
uc
l-e
x]
  1
9 A
pr
 20
18
2ground and excited states in Tin isotopes from 110Sn to
122Sn [10–15]. Absolute values of the (p, t) cross sections
to 110−122Sn could be well reproduced with a DWBA cal-
culation with two-nucleon transfer amplitudes calculated
with a pairing potential adjusted to experimental odd-
even mass differences [1], thus confirming that pairing
plays a key role in the collectivity of Tin isotopes and
drives the two-nucleon transfer mechanism. A drop of
the ratio of the two-neutron transfer cross sections to 0+1
over higher 0+i states, σ0+1
/σ0+
i>1
, appears at N=64, 66,
70, 72, with a complex pattern that cannot be explained
only by the N=64 shell closure.
No spectroscopic information is available on 100Sn, while
for its even-even neighbors 100Cd and 102Sn the avail-
able spectroscopic information comes mainly from fusion-
evaporation experiments, which populate preferentially
high-spin states decaying to the yrast band. The spec-
troscopy of 102Sn is known for yrast states up to the 6+
isomer at 2017 keV [16]. The spectroscopy of 100Cd is
known for yrast states up to 20h¯ in angular momentum
and 10 MeV in excitation energy [17, 18].
For exotic unstable nuclei, the extraction of spectroscopic
information from two-nucleon transfer reactions is exper-
imentally impracticable due to the limited beam intensity
available at energies relevant for nucleon-transfer reac-
tions. Two-neutron knockout from intermediate-energy
beams in inverse kinematics provides therefore an alter-
native spectroscopic tool, even though with a different
selectivity with respect to two-neutron transfer [19, 20].
It has been described as a direct reaction [21–23]. While
two-nucleon transfer selects the relative s-state of the
pair, correlations driven by the two-nucleon knockout
mechanism are much less selective and the configurations
where the nucleons are close in space are favored [19]. By
removing two nucleons of the deficient species, one can
populate even more exotic nuclei with significant cross
sections (few mbarn) [23, 24]. From the experimental
point of view one can benefit from the increased lumi-
nosity allowed by the use of thick targets at higher beam
energy, and of the higher detection efficiency due to the
kinematical focusing of the reaction products at forward
angles.
In this paper we report on the in-beam γ spectroscopy
of the neutron deficient isotopes 102Sn and 100Cd, pop-
ulated by intermediate-energy two-neutron removal re-
actions. The same reaction on the stable 112Sn isotope
has been measured as a reference. New states are popu-
lated in the two isotopes under study and their nature is
discussed based on two-neutron knockout cross sections.
II. EXPERIMENTAL METHOD AND RESULTS
The experiment was performed at the Radioactive Iso-
tope Beam Factory (RIBF) operated by the RIKEN
Nishina Center and the Center for Nuclear Study (CNS)
of the University of Tokyo. The 104Sn and 102Cd radioac-
tive beams were produced with an intensity of 350 pps
and 120 pps, respectively, via fragmentation of 6 pnA
124Xe primary beam at 345 MeV/u on a 555 mg.cm−2
Be target and separated through the BigRIPS separator
[25]. Secondary beam energies at mid CH2 target were
150 MeV/u for 104Sn, 144 MeV/u for 102Cd, and 170
MeV/u for the reference stable beam 112Sn. The purities
of the main isotopes of interest were as follows: 104Sn
(20%), 102Cd (8%) for the 104Sn setting, 112Sn (75%) for
the 112Sn setting. Two secondary targets were succes-
sively used for the measurement: a CH2 target of 192(4)
mg.cm−2 thickness and a C target of 370(7) mg.cm−2
thickness. The target thicknesses were determined both
by weighting and by measuring the magnetic-rigidity de-
viation of the beam in the ZeroDegree spectrometer af-
ter the secondary target. The cross section on hydrogen
was extracted from the CH2 data after subtraction of
the normalized carbon component. Inclusive cross sec-
tions for two-nucleon removal from C and H were found
to be rather similar [24], as shown in Tab. I. The setup
consisted of the DALI2 array composed of 186 NaI scintil-
lators [26] for gamma-ray detection and the ZeroDegree
spectrometer for downstream particle identification [24].
A mass resolution of σ ∼ 0.001 was achieved, allowing for
an unambiguous isotopic identification. The scintillators
of the DALI2 array were calibrated in energy with 137Cs,
88Y and 60Co sources, with gamma emission ranging be-
tween 661 and 1836 keV. The efficiency of the DALI2
array, covering angles between 19 and 150 deg., was 14%
at 1.33 MeV. This value was in agreement within 6% with
the Geant4 simulation [27] and was rather independent of
the angular distribution of the emitted gamma radiation
thanks to the large solid angle coverage of the DALI2
array. The FWHM intrinsic energy resolution (in keV)
evaluated from Cs, Co and Y sources scaled as 2.4
√
E,
where E is given in keV, consistent with [26].
In order to extract the cross sections to the excited
states observed in this experiment, the spectrum was fit-
ted with the sum of a double-exponential background
and the simulated response functions of the DALI2 ar-
ray to the gamma-transitions mentioned above. The
background originated mainly from atomic processes
(bremsstrahlung in the target) at low energy (Eγ < 500
keV), from Compton scattering and target breakup at
higher gamma energy. It has been modeled with the sum
of two exponentials, as done previously in similar analy-
ses [28]. An isotropic distribution in the center-of-mass
frame of the emitting nucleus has been assumed in the
simulation. A relative variation of 10% in the efficiency
is observed if an anisotropic distribution as the one in
Ref. [26] is assumed and is taken into account in the un-
certainties on the cross section. The acceptance of the
ZeroDegree spectrometer has been evaluated with a ded-
icated run with the spectrometer centered on the mag-
netic rigidity of the beam. The ratio between the trans-
mitted beam and the incident beam yields the particle-
identification efficiency (including the acceptance of the
spectrometer, target effect, beam-line detectors efficien-
cies) and spans between 50% and 65% for the settings of
3interest and for the fully-stripped ions. The acceptance
is expected to be the same for the two-neutron knockout
fragments, once the spectrometer is set on their magnetic
rigidity as during the rest of the measurement. The x-
position distribution of two-neutron knockout fragments
at the dispersive focal plane of ZeroDegree spectrometer
shows that the acceptance does not induce any cut in the
kinematics of the reaction.
Both spectra with and without add-back between adja-
cent crystals of the DALI2 array have been analyzed.
Cross sections extracted in the two ways are found to
be consistent within the experimental error bars, there-
fore add-back spectra are used to maximize statistics in
the peaks. The error on the cross section was obtained
as the sum of the error issued from the χ2 minimiza-
tion (which includes statistical error), the statistical er-
ror on the number of gamma counts, the uncertainties
on the target thickness (2%), the DALI2 efficiency (6%),
the acceptance of ZeroDegree spectrometer (3%), and the
background determination. This last source of error was
fixed by varying the background amplitude within the
error bars in the regions free of transitions, and propa-
gating this variation on the cross section. Its magnitude
is comparable or up to twice the sum of the statistical er-
rors, depending on the energy of the gamma transition.
We discuss first our reference case, 110Sn. The spec-
troscopy of 110Sn is well known since it has been stud-
ied via several reaction probes including the 112Sn(p, t)
reaction [12]. Fig. 1 (a) shows the spectrum of 110Sn
produced via knockout on C (red) and on CH2 targets,
subtracted from C contaminations after normalization
(black). Two peaks were observed at ∼ 900-1000 keV and
at ∼ 1200 keV. The spectrum was fitted with the sum
of the transitions corresponding to the gamma decay of
the 2+1 to the ground state, and of the 4
+
1 , 4
+
2 /3
−
1 states
to the 2+1 state [12]. The two-neutron knockout reaction
mechanism populates preferentially the same states as
the two-neutron transfer reaction reported in Ref. [12].
Cross sections to the observed states are summarized in
Tab. I.
The cross section to the ground state can be extracted
by subtracting the sum of cross sections to the observed
excited states from the inclusive cross section. By doing
so, a cross section to the ground state of 82.9(24) mb, and
a ratio R=σgs/σinclusive=66(7)% were obtained. In this
experiment we do not observe the decay of the known 2+2
state at 2121 keV via the 909 keV and 2121 keV transi-
tions [29]. Note that one cannot exclude unobserved feed-
ing from this or other higher-lying excited states, which
is difficult to evaluate. We can put an upper limit of 4
mb to such feeding by evaluating the cross section corre-
sponding to the number of counts that would be neces-
sary to identify a transition at 2121 keV.
We discuss now the spectroscopy of the N=52 isotones
102Sn, 100Cd populated via two-neutron removal from
104Sn and 102Cd, respectively. For 102Sn (Fig. 1 (b)),
a transition at 1450(20) keV compatible with the known
2+1 → 0+1 transition at 1472 keV was observed. A transi-
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FIG. 1. (Color online) Gamma spectra measured after two-
neutron removal from C (red crosses) and CH2 targets (after
C subtraction, black dots), fitted with the sum of the detec-
tor response functions and two exponential backgrounds (blue
line). The projectile-like reaction products are (a) 110Sn, (b)
102Sn, (c) 100Cd. The corresponding level schemes are shown,
with energies in keV.
tion at 1020(20) was also observed, which for consistency
with the total reaction cross section must feed one of the
excited states. Statistics was too low to observe gamma-
gamma coincidences. Nevertheless the 1020-keV transi-
tion, together with the 1450-keV one, sum up to 2470
keV, consistent with the energy of the third observed
transition at 2470(60) keV. This level energy does not
match known ones in 102Sn [16]. Therefore, we concluded
that this state decays to the 2+1 state and to the ground
state with a branching ratio of 30(5)% and 70(8)%, re-
spectively. Based on that, we propose a 2+2 spin-parity
assignment. Fig. 2 shows the systematics of 2+1 and
2+2 state energies in the tin isotopes. The 2
+
2 in
102Sn
is about 200 keV higher than the last observed one in
108Sn. A similar shift going from 108Sn to 102Sn is ob-
served for the 2+1 state, and could therefore be expected
4also for the 2+2 state, corroborating our assignment. The
existence of the new transitions at 1020(20) and 2470(60)
keV was assessed based on the Bayesian Information Cri-
terion (BIC) [30]. According to this criterion, the model
with the highest probability is the one that minimizes
the BIC = -2 × (log maximized likelihood) + (log N) ×
(number of parameters), where N is the number of bins
and the number of parameters is the number of functions
used to fit the spectrum. According to this criterion, the
evidence against higher BIC of the fit including these
transitions is 21 and 12, respectively, that corresponds
to a very strong evidence.
In this experiment we could not observe the transition
at 497 keV corresponding to the decay of the known
4+1 to the 2
+
1 state. This can be due to the fact that
the energy spectrum below 600 keV is dominated by
an exponential background associated to target breakup,
Compton scattering from higher-energy transitions, and
Bremsstrahlung. Even though we cannot rule it out com-
pletely, a significant feeding of the 2+1 state by the 4
+
1 is
unlikely since it will correspond to an even smaller direct
population of the 2+1 state.
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FIG. 2. (Color online) Systematics of 2+1 and 2
+
2 states in
tin isotopes from 102Sn to 120Sn from Ref. [29] (NNDC) and
this experiment.
For 100Cd (Fig. 1 (c)), the known 2+1 → 0+1 and
4+1 → 2+1 transitions at 1004(15) keV and 760(15) keV,
respectively, were observed. Furthermore, accumulations
of statistics at higher energy, around 1340 keV and 1930
keV, were observed. We applied the same BIC criterion,
and only the second peak at 1930(20) keV survives with
an evidence against higher BIC of 2.5. A natural candi-
date for this state would be a 2+2 state, which is unknown
in 100Cd, but statistics are too low for gamma-gamma
coincidences and a definite assignment for this transition
cannot be provided. The possibility that this transition
feeds the 2+1 and 4
+
1 states is taken into account in the
error bars as systematic uncertainties. Cross sections
are detailed in Tab. I. We remark that if this transition
decays exclusively to 2+1 and 4
+
1 states, this will imply
no direct population of these states, which seems rather
unlikely.
All measured cross sections are summarized in
Tab. I. Both in the case of 104Sn(H,X)102Sn and
102Cd(H,X)100Cd, a ratio R=σgs/σinclusive of 28(9)%
and 30(3)% was measured, very different from the one
observed for 112Sn(H,X)110Sn, 66(7)%. We have no
quantitative explanation for this effect at this stage,
though it recalls the enhancement of the two-neutron
transfer cross section to the low-lying states associated
to the evolution of the ground state from superfluid
to non-superfluid regime approaching the shell closure.
Again, the cross section to the ground state extracted
here may be affected by unobserved transitions. Such
eventuality would imply an even smaller cross section to
the ground state, amplifying the effect described above.
Nucleus Jpi
Eex Eγ σexp
(keV) (keV) (mb)
110Sn
2+1 1210 1210* 17.3(26)
4+1 2195 985* 10.5(8)
4+2 , 3
−
1 2450 1240* 8.7(12)
inclusive (H) 107(7)
inclusive (C) 98(4)
102Sn
2+1 1450(20) 1450(20) 0.5(2)
(2+2 ) 2470(30) 2470(60), 1020(20) 1.4(9)
inclusive (H) 2.6(3)
inclusive (C) 2.1(1)
100Cd
2+1 1004(15) 1004(15) 3(1)
0
−3
4+1 1764(20) 760(15) 2.7(6)
0
−3
1930+X 1930(20) 3(3)
inclusive (H) 11.7(6)
inclusive (C) 8.9(3)
TABLE I. Two-nucleon removal cross sections (exclusive for
H, inclusive for H and C) at about 150 MeV/nucleon (see
text for details) to the states observed in the A-2 nuclei 110Sn,
102Sn and 100Cd. Transition energies marked with an asterisk
are taken from Ref. [29], while other energies are extracted
from our measurement. Only systematic error on the cross
section due to observed feeding is taken into account.
III. INTERPRETATION
An interpretation of the enhanced cross section to the
2+2 state in
102Sn with respect to the 2+1 state can be
found in a modification of the structure of the Sn isotopes
approaching N=50, that can be pinned down via a shell
model calculation.
A shell model calculation was performed for the iso-
topes of interest in the neutron g7/2d5/2d3/2s1/2h11/2
model space for 102,104,110,112Sn using the interaction of
Ref. [31]. In the case of 100,102Cd the proton g9/2 orbital
was added to the model space. The resulting excita-
tion energy spectra of 110,102Sn and 100Cd are in good
agreement with experimental results as far as 2+ states
are concerned. The agreement between shell-model cal-
culation and experimental data, as far as 2+ states are
concerned, is as follows: in 110Sn the 2+1 state energy is
overestimated by 84 keV; in 102Sn the 2+1 state energy is
5underestimated by 64 keV and the 2+2 state energy over-
estimated by 543 keV; in 100Cd the 2+1 state energy is
underestimated by 153 keV. The ground state of 104Sn
appears to be dominated by the (g7/2)
2
0+(d5/2)
2
0+ config-
uration (86%) as well as the 2+2 state in
102Sn by the
g7/2d5/2 configuration (39%).
To compare the evolution of two-neutron knockout cross
sections, assuming a direct two-nucleon removal process,
the most suitable quantities are two-body overlaps be-
tween A nuclei (112,104Sn(gs), 102Cd(gs)) and different
low-lying states of A-2 nuclei (110,102Sn and 100Cd). Con-
tributions from different shell-model configurations to
two-body amplitudes are juxtaposed in Fig. 3, to give
an idea of the total strength.
At first glance, one can see that the largest overlaps
occur when the final state of the A-2 nuclei is the ground
state. The effect is particularly strong for the most exotic
species, 102Sn and 100Cd, at difference with the experi-
mental data signaling a weaker population of the ground
state with respect to the excited states in the case of
102Sn and 100Cd, where only 28(9)% and 30(3)% of the
cross section goes to the ground state, respectively.
If we focus on the excited states of 102Sn, an enhance-
ment of the two-neutron transfer probability to the 2+2
state of 102Sn is found and associated to the contribution
from the transfer of a d5/2g7/2 pair. This prediction is
in qualitative agreement with our experimental findings
that correspond to ∼ 3 times larger two-neutron knock-
out cross section to the 2+2 state with respect to the 2
+
1
state. Such enhancement is not observed in 110Sn and
100Cd, in agreement with the fact that we could not ob-
serve signatures of population of the 2+2 state in our data.
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FIG. 3. (Color online) Two-body overlaps between A and
A-2 nuclei from shell-model calculations. Only main contri-
butions (probability>0.1) from different shell-model configu-
rations are shown.
These remarks cannot be made more quantitative
until a microscopic description of proton-induced two-
nucleons knockout cross sections at intermediate energies
will be available. Several theoretical developments have
been undertaken in recent years to calculate one-nucleon
knockout cross sections [32–34]. Theoretical models for
two-nucleons knockout cross section on a nuclear target
became recently available [19, 20], whereas so far no
theoretical model is able to predict two-nucleon removal
cross sections on hydrogen.
IV. CONCLUSIONS AND PERSPECTIVES
We presented new transitions measured in 102Sn and
100Cd populated via two-neutron removal from a pro-
ton target at about 150 MeV/nucleon beam energy. The
transition with an energy of 2470(60) keV observed in
102Sn was assigned as the decay from the 2+2 state to the
ground state.
We interpreted the enhancement of the two-neutron
knockout cross section to this 2+2 state in
102Sn in terms
of structural overlaps. The fact that the increased cross
section to the 2+2 state in
102Sn corresponds to a larger
structure overlap with respect to the 2+1 state is con-
sistent with the assumption that proton-induced two-
neutron removal can be interpreted as a direct process. A
complete interpretation of these cross sections would re-
quire a microscopic approach to predict the two-neutron
removal cross sections from hydrogen which currently is
not available.
Since we used a CH2 target to extract the cross section on
H we measured also cross sections on C for background
subtraction. Interestingly, we remark that the inclusive
cross sections on C and H are rather similar, as discussed
in detail in [24]. A systematic comparison of the relative
population of bound states from heavy-ion and proton
induced one- and two-nucleon knockout with high statis-
tics in loosely bound nuclei may provide new insight into
the reaction mechanism.
The spectroscopy of 100Sn and the measurement of B(E2)
in 102Sn are two key experiments to characterize the shell
closure at Z, N=50 and further test the robustness of
magic numbers across the nuclear landscape. The present
results may be used to evaluate the feasibility of measur-
ing the gamma spectroscopy of 100Sn populated via one-
and two-neutron removal, if the excited states of this nu-
cleus decay via gamma emission. In fact, despite the low
proton and alpha separation energy, the 2+1 state is ex-
pected to decay essentially via gamma emission due to
the large Coulomb barrier. Indeed one should be care-
ful in doing such extrapolations since structural changes
are expected close to 100Sn. A high 2+1 energy around
4-5 MeV is expected for this doubly magic nucleus (Refs.
[35, 36]). Experimentally, the use of a thick pure liquid
hydrogen target presents several advantages: cleaner re-
action mechanism, maximum ratio of luminosity over en-
ergy loss of the fragment, no need of carbon background
subtraction as in the present experiment. Based on our
measured cross-sections for 102Sn and the augmented pri-
6mary beam intensities now available at the RIBF, we
assess the spectroscopy of 100Sn populated via proton-
induced two-neutron removal feasible within acceptable
amounts of beam time.
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